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Dihydrotestosterone-Inducible Dickkopf 1
from Balding Dermal Papilla Cells Causes
Apoptosis in Follicular Keratinocytes
Mi Hee Kwack1, Young Kwan Sung1, Eun Jung Chung1, Sang Uk Im1, Ji Seop Ahn1, Moon Kyu Kim1
and Jung Chul Kim1
Recent studies suggest that androgen-driven alteration to the autocrine and paracrine factors produced by scalp
dermal papilla (DP) cells may be a key to androgen-potentiated balding. Here, we screened dihydrotestosterone
(DHT)-regulated genes in balding DP cells and found that dickkopf 1 (DKK-1) is one of the most upregulated
genes. DKK-1 messenger RNA is upregulated in 3–6hours after 50–100 nM DHT treatment and ELISA showed that
DKK-1 is secreted from DP cells in response to DHT. A co-culture system using outer root sheath (ORS)
keratinocytes and DP cells showed that DHT inhibits the growth of ORS cells, and neutralizing antibody against
DKK-1 significantly reversed the growth inhibition of ORS cells. Analysis of co-cultured ORS cells showed a
significant increment of sub-G1 apoptotic cells in response to DHT. Also, recombinant human DKK-1 inhibited
the growth of ORS cells and triggered apoptotic cell death. In addition, DHT-induced epithelial cell death in
cultured hair follicles was reversed by neutralizing DKK-1 antibody. Moreover, immunoblotting showed that the
DKK-1 level is up in the bald scalp compared with the haired scalp of patients with androgenetic alopecia.
Altogether, our data strongly suggest that DHT-inducible DKK-1 is involved in DHT-driven balding.
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INTRODUCTION
The dermal papilla (DP), a cluster of specialized fibroblasts, is
believed to secret diffusible proteins that regulate the growth
and activity of the various cells in the follicle, thereby playing
a key role in the regulation of hair cycling and growth
(reviewed by Millar, 2002; Botchkarev and Kishimoto,
2003). The DP is encapsulated by the overlying epithelial
matrix cells, and growth factors from DP are believed to
cause epithelial cells to proliferate and differentiate to
produce hair shaft during anagen (reviewed by Botchkarev
and Kishimoto, 2003). Anagen-to-catagen transition is known
to be driven by factors such as transforming growth factor-b1
(TGF-b1) and TGF-b2 and characterized by apoptotic cell
death in epithelial cells in the hair bulb and outer root sheath
(ORS) (Soma et al., 1998, 2002; Inui et al., 2002; Peters et al.,
2005).
Androgenetic alopecia (AGA), or male-pattern baldness, is
the most common type of hair loss in men. One of the
key features of AGA is progressive reduction in the duration
of the anagen (reviewed by Kaufman, 2002). In other
words, follicles undergo premature transition from anagen
to catagen induced by androgens (Jahoda, 1998). Another
feature is follicular miniaturization, in which large terminal
hairs are transformed into vellus-like hairs (Rushton et al.,
1991). Although the molecular pathogenic mechanism of
AGA is not clear, dihydrotestosterone (DHT) dependence
of AGA is demonstrated by the absence of balding in men with
genetic deficiency of type II 5a-reductase, which converts
testosterone to DHT (Imperato-McGinley et al., 1974; Kuttenn
et al., 1979). Also, treatment effects of finasteride, a selective
inhibitor of type II 5a-reductase, in AGA support the DHT
dependence of AGA (Drake et al., 1999).
Circulating androgens, including DHT, enter the follicle
via the DP’s capillaries, bind to the androgen receptor (AR)
within the DP cells, and then activate or repress target genes
(Randall et al., 1994). In fact, cultured DP cells from balding
scalp secrete TGF-b1/TGF-b2, which inhibits the epithelial
cell growth in response to androgens (Inui et al., 2002;
Hibino and Nishiyama, 2004). Also, balding frontal DP cells,
which contain less AR co-activator ARA70b/ELE1b (Lee et al.,
2005) but more AR and type II 5a-reductase than non-balding
occipital DP cells (Hibberts et al., 1998; Itami and Inui,
2005), are known to secrete inhibitory autocrine factors,
which affect the growth of DP cells (Hamada and Randall
2006). Altogether, the published data strongly suggest that
DHT-driven alteration of the autocrine and paracrine factors
may be a key to androgen-potentiated balding.
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In this study, to identify factors responsible for the balding,
we screened DHT-inducible genes in balding DP cells by
cDNA microarray and found that dickkopf 1 (DKK-1) is one
of the most upregulated genes. DKK-1 induction in response
to DHT was further investigated by reverse transcription-PCR
(RT-PCR) and ELISA. Using the in vitro co-culture system
(Itami et al., 1995a), we examined the effects of DHT-
inducible DKK-1 on the growth of ORS keratinocytes.
We also investigated the effects of recombinant human
DKK-1 (rhDKK-1) on the growth of ORS cells. Moreover, we
examined DKK-1 expression in balding and non-balding
scalp of patients with AGA.
RESULTS
cDNA microarray screening of DHT-inducible genes
in balding DP cells
With the hope of identifying stimulatory factors responsible
for androgen-potentiated balding, we decided to screen
upregulated genes in response to DHT from balding DP cells
by cDNA microarray. First, we investigated the expression of
AR in cultured DP cells from balding scalp. Immuno-
cytochemical staining showed strong expression of AR in
early-passage DP cells (Figure 1c and e). However, the AR
expression was very low in late-passage DP cells (Figure 1g).
In agreement with this observation, we observed that the AR
messenger RNA (mRNA) level gradually decreased during the
subcultivation (Figure 1i). We therefore used early-passage
(p2–p5) DP cells in this study. Cultured DP cells were treated
with varying physiological concentrations of DHT (1, 10, and
100nM) or vehicle control (ethanol) for 6 hours and micro-
array analysis was performed. A number of genes were
regulated in response to 100 nM DHT, whereas there was little
response to the 1 and 10 nM concentrations of DHT. The top
30 upregulated genes are shown in Table S1; of these, we
focused on DKK-1 for further studies.
DKK-1 induction in balding DP cells by DHT
RT-PCR analysis showed that DKK-1 mRNA is upregulated
in response to DHT and maximum induction was observed at
50–100 nM DHT (Figure 2a and b). The time-course study
showed that DKK-1 mRNA is upregulated 3–6 hours after
DHT treatment (Figure 2c and d). We also measured the
concentration of DKK-1 in the conditioned medium using
ELISA. Maximum secretion was observed in 50 nM DHT. The
mean concentration of DKK-1 was 19.6 ng/ml in the presence
of 50 nM DHT and 5.7 ng/ml in the absence of DHT (Figure
2e). We also investigated DKK-1 expression in ORS cells in
response to DHT but failed to find any induction by RT-PCR
and ELISA (data not shown).
DHT-inducible DKK-1 causes apoptosis in co-cultured
follicular keratinocytes
To investigate the potential role of DHT-inducible DKK-1 in
hair growth, we employed an in vitro co-culture system. This
system, employing DP cells and keratinocytes, would be a
suitable model to analyze epithelial–mesenchymal interac-
tions stimulated by androgen through secreted soluble factors
(Itami et al., 1995b; Inui et al., 2002). DP cells and ORS cells
were co-cultured for 4 days in the presence or absence of
DHT and viable cells were counted. The growth of co-
cultured ORS cells was suppressed in the presence of 10 and
100nM DHT (Figure 3a). Analysis of co-cultured ORS cells by
flow cytometry showed that the population of cells in the sub-
G1 phase, representing apoptotic cells, increased 6.6-fold in
the presence of 100 nM DHT (Figure 3b). On the other hand,
the growth of co-cultured DP cells was not affected by DHT
(data not shown). We also observed that 1–100 nM DHT
treatment does not affect the growth of ORS or DP cells in
monoculture (data not shown).
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Figure 1. Expression of AR in cultured balding DP cells. Cells were
immunostained in the (a) absence or (c, e, g) presence of AR antibody.
(a, c) Cells from passage 2, (e) passage 4, and (g) passage 8 are shown here.
(b, d, f, h) Corresponding 4,6-diamidino-2-phenylindole nuclear staining is
also shown. (i) RT-PCR analysis also shows that AR mRNA level is gradually
decreased during the subcultivation. Bar¼0.1mm.
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We next examined whether DKK-1 is involved in the
growth inhibition of co-cultured ORS cells by DHT. The
neutralizing antibody against DKK-1 significantly attenuated
the DHT-induced growth inhibition of ORS cells (Figure 4),
demonstrating that the growth suppression is due at least to
DKK-1. In contrast, preimmune goat IgG did not reverse the
DHT-induced growth inhibition of ORS cells.
rhDKK-1 induces apoptosis in ORS cells
We next examined the effect of rhDKK-1 on ORS cells.
We found that TUNEL-positive cells undergoing apoptosis are
significantly increased when ORS cells are treated with 10
and 25 ng/ml rhDKK-1 (Figure 5c, e, and g). In agreement
with this observation, we observed that rhDKK-1 inhibits the
growth of ORS cells in a dose-dependent manner (Figure 5h).
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Figure 2. DKK-1 induction in response to DHT in balding DP cells. (a) Cells were treated with varying concentrations of DHT for 6 hours and analyzed
by RT-PCR and (b) relative level of DKK-1 is shown as mean7SD of three experiments. (c) Cells were also treated with 100 nM DHT for varying times
and (d) mean7SD of three experiments is shown. The concentrations of DKK-1 in conditioned medium were measured by ELISA. Cells were treated with
varying concentrations of DHT for 4 days, and (e) data are expressed as means7SD of three experiments.
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Figure 3. Effect of DHT on the growth of ORS cells co-cultured with DP cells. (a) ORS cells were co-cultured in the presence or absence of DHT for 4 days
and viable ORS cells were counted. Data are expressed as means7SD of three determinations per experiment from three independent experiments (*Po0.05).
(b) A DNA histogram shows DNA content of co-cultured ORS cells in the absence (left) or presence (right) of 100 nM DHT.
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The neutralizing antibody against DKK-1 reverses the
DHT-induced cell death in cultured hair follicles
To further investigate the role of DHT-inducible DKK-1 in
hair growth, we employed a hair-follicle organ culture
system (Philpott et al., 1994). Significant cell death
was observed in epithelial cells surrounding DP in
response to 100 nM DHT compared with control follicles
(Figure 6a and b). The neutralizing antibody against
DKK-1 reversed the DHT-induced cell death in epithelial
cells (Figure 6c), demonstrating that the cell death is due
largely to DKK-1.
DKK-1 level is up in the balding scalp compared with the haired
scalp of patients with AGA
To strengthen the argument that our in vitro observations
translate to a significant role for DKK-1 in AGA, we examined
DKK-1 expression in balding and non-balding scalp of
patients. Immunoblots showed a strong band around
35 kDa from balding scalp, whereas we observed a weak
signal from non-balding scalp (Figure 7). This result clearly
shows that DKK-1 is upregulated in the balding scalp
compared with the haired scalp of patients with AGA.
DISCUSSION
In response to androgens, DP secretes diffusible factors
that affect follicular epithelium positively or negatively. For
instance, IGF-1 secreted from beard DP cells showed a
stimulatory effect on keratinocytes in a co-culture model
(Itami et al., 1995b). On the other hand, TGF-b1 secreted
from balding DP cells inhibited the growth of keratinocytes in
vitro (Inui et al., 2002). With the hope of identifying novel
autocrine and/or paracrine factors responsible for the hair
growth inhibition in AGA, we performed cDNA microarray
screening and found that a number of genes are regulated in
balding DP cells in response to 100 nM DHT. In agreement
with the report of Hibino and Nishiyama (2004), we
found that TGF-b2 is one of the upregulated genes.
Differentially upregulated genes listed in Table S1 may be
worth investigating for further understanding of the patho-
genesis of AGA.
Among the genes upregulated in response to DHT, we
focused on DKK-1, which encodes a potent and specific
endogenous secreted Wnt antagonist (Bafico et al., 2001) that
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Figure 4. Effect of neutralizing antibody against DKK-1 on the DHT-induced
growth inhibition of ORS cells. DP and ORS cells were co-cultured in the
absence (lane 1) or presence (lane 2–4) of DHT for 4 days with 200 ng/ml
preimmune goat IgG (lane 3) or 200 ng/ml anti-DKK1 antibody (lane 4). Data
are expressed as means7SD of three determinations per experiment from
three experiments (*Po0.05 compared with lane 2).
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Figure 5. Effect of rhDKK-1 on the growth and apoptosis of ORS cells. Cells were treated in the absence (a) or presence of 10 ng/ml (c) or 25 ng/ml (e) rhDKK-1
for 24 hours and stained with the TUNEL method. (b, d, f) The corresponding 4,6-diamidino-2-phenylindole nuclear staining is also shown. (g) TUNEL-positive
apoptotic cells (green) were counted and data are means7SD from two independent experiments. (h) Cells were also treated with rhDKK-1 for 4 days and
3-[4,5]dimethylthiazol-2,5-diphenyltetrazolium bromide assay was employed to measure the cell viability. Data are means7SD of six determinations per
experiment from three experiments (*Po0.05). Bar¼ 0.1mm.
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binds and inhibits low-density lipoprotein receptor-related
protein co-receptors required for canonical Wnt signaling
involved in hair induction and growth (Chiang et al., 1999;
Millar et al., 1999; Kishimoto et al., 2000; Shimizu and
Morgan, 2004). We observed that DKK-1 is induced in five of
seven DP cultures obtained from balding scalp hair follicles
from different individuals with AGA. DKK-1 mRNA was
significantly upregulated within 3–6 hours after 50–100 nM
DHT treatment. Also, secretion of DKK-1 by DHT was clearly
demonstrated by ELISA. DKK-1 was previously known to be
induced by a variety of stimuli, including UV, H2O2,
cisplatin, b-amyloid peptide, and glucocorticoids (Shou
et al., 2002; Caricasole et al., 2004; Ohnaka et al., 2004).
However, to our knowledge, DKK-1 induction by androgens
has not been reported previously.
In this study, we also observed that DHT significantly
suppressed the growth of ORS cells in co-culture and that
neutralizing anti-DKK-1 antibody significantly attenuated
DHT-induced growth inhibition of ORS cells. These data
suggest that DKK-1 is indeed involved in DHT-induced
growth suppression of ORS cells in co-culture. In addition,
we observed that the neutralizing anti-DKK-1 antibody
reversed the DHT-induced cell death in epithelial cells in
cultured hair follicles. These results suggest that DHT induces
DKK-1 from DP of hair follicles and that the epithelial cell
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Figure 6. Effect of anti-DKK1 antibody on DHT-induced cell death in cultured hair follicles. Hair follicles were cultured in (a) the absence or (b, c) the
presence of 100 nM DHT for 2 days and cryostat sections (7 mm) were stained with hematoxylin and eosin H&E. (c) DHT-induced epithelial cell death was
reversed in the presence of the 500 ng/ml anti-DKK1 antibody. High-powered images of corresponding regions are also shown in (d, e, and f). Bar¼ 0.1mm.
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Figure 7. Immunoblot of DKK-1 from balding and non-balding haired scalp
of patients with AGA. (a) Matched balding and non-balding scalp lysates from
four patients were pooled and probed with the goat polyclonal antibody
against human DKK-1. (b) Blots were also reprobed with a biotin-conjugated
goat antihuman DKK-1 antibody. (c) The membranes were also probed with
antibody against actin.
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death is due largely to DKK-1. Our data are in agreement
with the role of DKK-1 in epithelial–mesenchymal inter-
actions in adult tissues (Reddy et al., 2001) and are consistent
with the recent report of Andl et al. (2002), who found
that mice expressing high levels of DKK-1 in the skin
display an early and complete block in the development of
hair follicles.
Measurement of DNA contents in co-cultured ORS cells
showed that cells undergo apoptosis in the presence of DHT
as evidenced by increment of sub-G1-phase cells, suggesting
that DKK-1 induces apoptosis in ORS cells. This is supported
by the increment of the TUNEL-positive ORS cells in
response to rhDKK-1. These results are in accord with the
proapoptotic role of DKK-1 (Wang et al., 2000; Grotewold
and Ruther, 2002; Shou et al., 2002; Peng et al., 2006) and
are in line with the expression of DKK-1, which overlaps with
sites of programmed cell death during limb development
(Mukhopadhyay et al., 2001) and ischemic neuronal death
(Cappuccio et al., 2005).
Our data in this study provide early evidence that DHT-
inducible DKK-1 produced by balding DP cells promotes
apoptosis of neighboring follicular keratinocytes in vitro.
These data, together with the higher expression of DKK-1 in
balding scalp compared with the haired scalp, suggest
that DKK-1 may be one of the key factors involved in
the pathogenesis of AGA. However, it still remains to be
investigated whether our observations translate into a
significant role for DKK-1 in the decreased growth of the
hair follicle and ultimately in AGA.
MATERIALS AND METHODS
Isolation and culture of human hair follicles
Punch-biopsy (4mm) specimens were taken from balding (frontal)
and non-balding (occipital) scalps of patients undergoing hair
transplantation surgery for androgenic alopecia. The medical ethical
committee of the Kyungpook National University Hospital, Korea,
approved all described studies. The study was conducted according
to the Declaration of Helsinki Principles. Informed written consent
was obtained from the patients. Hair follicles from non-balding
scalps were used for organ culture studies. The follicles were isolated
and cultured by the method described previously with minor
modifications (Philpott et al., 1994; Magerl et al., 2002). Briefly, a
subcutaneous fat portion of scalp skin including lower hair follicles
was dissected from the epidermis and dermis. The follicles were then
isolated under a binocular microscope with forceps and maintained
in Williams E medium (Sigma, St. Louis, MO) at 371C in a humidified
atmosphere of 95% O2 and 5% CO2.
Culture of DP and ORS cells
DP were isolated from the bulbs of dissected hair follicles,
transferred onto plastic dishes coated with bovine type I collagen,
and cultured in DMEM (Gibco BRL, Gaithersburg, MD) supplemen-
ted with penicillin (100U/ml), streptomycin (100mg/ml), and 20%
heat-inactivated fetal bovine serum at 371C in a humidified
atmosphere of 95% O2 and 5% CO2. The explants were left for
several days and the medium was changed every 3 days. After the
cell outgrowth become subconfluent, cells were harvested with
0.25% trypsin/10mM EDTA in Hanks’ balanced salt solution and
subcultured at a split ratio of 1:3. Afterward, DP cells were
maintained in DMEM supplemented with 10% fetal bovine serum.
ORS cells were isolated from the same hair specimens. The hair
shaft and hair bulb regions of the hair follicle were cut off to prevent
contamination with other cells. Trimmed hair follicles were
immersed in DMEM supplemented with 20% fetal bovine serum.
On the third day of culture, the medium was changed to keratinocyte
growth medium (Gibco BRL) containing penicillin (100U/ml),
streptomycin (100 mg/ml), and Fungizone (250 ng/ml). After sub-
culture, ORS cells were maintained in keratinocyte growth medium
and cells from the second passage were used in this study.
Microarray hybridization and data analysis
Total RNAs were extracted from cultured DP cells by modified acid
phenol methods using Trizol (Invitrogen, Carlsbad, CA). mRNA was
isolated from total RNA using a Dynabead mRNA purification kit
(Dynal AS, Oslo, Norway). To obtain sufficient RNA, cDNA was
synthesized from mRNA and amplified by in vitro transcription using
Ampliscribe T7 Transcription Kits (Epicentre Technologies, Madison,
WI). By reverse transcription, amplified RNAs from DHT-treated DP
cells were labeled with red fluorescence using Cy5-dUTP and those
from ethanol-treated cells were labeled with green fluorescence
using Cy3-dUTP (Amersham, Buckinghamshire, UK).
The cDNA chip was prepared as described (Chung et al., 2002).
A total of 5,763 cDNAs from a human DP cDNA library, including
192 controls (64 spots each of GAPDH, b-actin, and a-tubulin as an
intraslide control) were arrayed in 1.8 1.8 cm areas. Microarray
hybridization was also performed as described (Chung et al., 2002).
Fluorescence intensity was measured using Scanarray 4000 with a
laser confocal microscope (GSI Lumonics, Madison, WI). The
scanning data were analyzed and normalized using Quantarray
software (version 2.0.1, GSI Lumonics). The microarray was carried
out once with samples from balding DP cells from a patient.
RT-PCR analysis
Total RNA was isolated using TRIzol reagent and cDNA was
synthesized from 3 mg of total RNA using the cDNA synthesis kit
containing the SuperScript II reverse transcriptase and oligo(dT)
primer according to the manufacturer’s instructions (Gibco-BRL,
Grand Island, NY). cDNA (1 ml) was amplified with each of the
forward and reverse primers. For the detection of AR, 30 cycles
(1minute at 941C, 45 seconds at 601C, and 45 seconds at 721C) of
amplification were performed with forward primer 50-GGTAAGGGA
AGTAGGTGGAA-30 and reverse primer 50-CCTTCTAGCCCTTTGG
TGTA-30. For the detection of DKK-1, 25 cycles (1minute at 941C,
45 seconds at 581C, and 45 seconds at 721C) of amplification were
performed with 50-TGATGAGTACTGCGCTAGTC-30 and 50-CTCCT
ATGCTTGGTACACAC-30. For the detection of b-actin, 20 cycles
(1minute at 941C, 45 seconds at 581C, and 45 seconds at 721C) of
amplification were performed with 50-GGGAAATCGTGCGTGACA
TT-30 and 50-GGAGTTGAAGGTAGTTTCGTG-30. PCR products
were separated by electrophoresis on a 1% agarose gel and
visualized under UV light.
Immunofluorescence staining of AR
DP cells were plated in an eight-chamber slide (Nunc Lab-Tek,
Roskilde, Denmark) at a density of 30,000 cells per well and
cultured in serum-free DMEM for 24 hours. Cells were washed with
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phosphate-buffered saline and immersed in cold methanol for
10minutes. After being blocked with 10% normal goat serum for
1 hour at room temperature, sections were incubated with rabbit
polyclonal AR antibody (1:50 dilution; Santa Cruz Biotechnology,
Inc., Carpinteria, CA) at 41C overnight, washed three times
with phosphate-buffered saline, and incubated with goat anti-rabbit
FITC-conjugated antibody (DAKO, Carpinteria, CA) at a 1:50
dilution for 1 hour. The slides were then washed with phosphate-
buffered saline and counterstained with 4,6-diamidino-2-phenylin-
dole for 10minutes. Negative controls for the immunostaining were
made using normal rabbit IgG (R&D Systems, Minneapolis, MN).
Co-culture of DP and ORS cells
DP cells were cultured in serum-free DMEM and then plated at a
density of 5 104 cells/well in the lower compartment of Transwell
culture dishes (Costar, Cambridge, MA). After 24hours, ORS cells
(5 104 cells/well) were added to the upper compartment of the dish,
which was separated from the lower compartment by a permeable
membrane coated with type I and III collagen (pore size: 0.4mm, 24-
well format, Costar microporous membrane filter). The two types of
cells were then co-cultured for 4 days in MCDB 153 medium (Sigma)
without growth factors in the presence of DHT, or ethanol as a control.
In some experiments, neutralizing antibody for DKK-1 (R&D Systems)
and preimmune goat IgG (R&D Systems) were added to such cultures.
ELISA
ELISA was performed as described previously (Tian et al., 2003) with
minor modifications. Briefly, titer plates (Nunc-Immuno MaxiSorp
surface) were coated with 100 ml of goat antihuman DKK-1 antibody
(R&D Systems) at a concentration of 1mg/ml in phosphate-buffered
saline, incubated at 41C overnight, and blocked with 4% BSA at
room temperature for 1 hour. Culture-conditioned medium (100 ml
per well) was loaded and incubated at room temperature for 2 hours,
and the wells were washed and incubated with biotinylated goat
antihuman DKK-1 IgG (R&D Systems) diluted to a concentration of
0.2 mg/ml in dilution buffer, followed by the addition of horseradish
peroxidase-conjugated streptavidin (Pierce, Rockford, IL) for 30min-
utes. Then 3,30,5,50-tetramethyl benzidine substrate solution (Pierce)
was added and optical density was measured by an ELISA reader at
450 nm. Serial dilutions of rhDKK-1 (R&D Systems) were used to
establish a standard curve.
Flow cytometry
DP and ORS cells were co-cultured with 100 nM DHT or ethanol
control for 4 days. The cell cycle distribution was analyzed by flow
cytometry as described previously (Farooq et al., 2003).
TUNEL assay
A TUNEL kit (ApoTag; Chemicon, Temecula, CA) was used
according to the manufacturer’s protocol to evaluate apoptotic cells.
Briefly, cells were fixed in 1% paraformaldehyde for 10minutes and
post-fixed in ethanol-acetic acid (201C) for 5minutes followed by
incubation with digoxygenin fluorescein-conjugated antibody. Cells
were counterstained with 4,6-diamidino-2-phenylindole.
Cell viability
ORS cells were plated overnight at a density of 10,000 cells/well in
96-well plates and subsequently incubated in serum-free medium in
the presence of various concentrations of rhDKK-1 (R&D Systems).
Cells were incubated for 4 days before 3-[4,5]dimethylthiazol-2,
5-diphenyltetrazolium bromide was added (70 mg/well) for 3 hours.
The formazan produced was solubilized with DMSO and optical
density was measured at 570 nm.
Immunoblot
Scalp tissue lysates (3mg/lane) were separated by 10% SDS-PAGE
and then transferred to nitrocellulose membranes. The membranes
were blocked with 6% milk in phosphate-buffered saline for 1 hour,
and they were probed with either goat polyclonal antibody against
human DKK-1 (the same antibody we used for ELISA and
neutralization assay) or biotin-conjugated goat antihuman DKK-1
antibody (R&D Systems). Horseradish peroxidase-conjugated don-
key anti-goat Ig (Amersham) and horseradish peroxidase-conjugated
streptavidin (Pierce) were used as the secondary antibodies at a
1:5,000 dilution. The bands were visualized using ECL Plus
(Amersham). The membranes were also probed with mouse
monoclonal antibody against actin (Chemicon, Temecula, CA).
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